Reference

Alkire MT (1998) Quantitative EEG correlations with brain glucose metabolic rate during anesthesia
in volunteers. Anesthesiology 89:323-333.

Boylan LS, Pullman SL, Lisanby SH, Spicknall KE, Sackeim HA. Repetitive transcranial magnetic
stimufation to SMA worsens complex movements in Parkinson's disease. Clin Neurophysiol 2001;
112: 259-264. Links

Cantello R, Tarletti R, Civardi C. Transcranial magnetic stimulation and Parkinson's disease. Brain
Res Rev 2002; 38: 309-327. Links

Cummings JL.  Depression and Parkinson's disease: a review. Am ] Psychiatry 1992
Apr;149(4):443-54

de la Fuente-Fernandez R, Ruth TJ, Sossi V, Schulzer M, Calne DB, Stoessl AJ. Expectation and
dopamine release: mechanism of the placebo effect in Parkinson's disease. Science 2001 Aug
10;293(5532):1164-6

Dragasevic N, Potrebic A, Damjanovic A, Stefanova E, Kostic VS. Therapeutic efficacy of bilateral
prefrontal slow repetitive transcranial magnetic stimulation in depressed patients with
Parkinson's disease: an open study. Mov Disord 2002;17:528-532.

Fox P, Ingham R, George MS, Mayberg H, Ingham J, Roby J, Martin C, Jerabek P.Imaging human
intra-cerebral connectivity by PET during TMS. Neuroreport 1997 Aug 18;8(12):2787-91.George
MS, Lisanby SH, Sackeim HB. Transcranial Magnetic Stimulation: Applications in Neuropsychiatry.
Arch Gen Psychiatry 1999; 56: 300-311.

George MS, Wasserman EM, Kimbrell TA, Little JT, Williams WE, Danielson AL, et al. Mood
Improvement Following Left Daily Prefrontal Repetitive Transcranial Magnetic Stimulation in
Patients With Depression: A Placebo-Controlled Crossover Trial. Ann J Psychiatry 1997; 154:
1752-1756.

Ghabra MB, Hallett M, Wassermann EM. Simultaneous repetitive transcranial magnetic stimulation
dose not speed fine movement in PD. Neurology 1999; 52: 768-770. Links

Gunn RN, Lammertsma AA, Hume SP, Cunningham V] (1997) Parametric imaging of

99



ligand-receptor binding in PET using a simplified reference region model. Neuroimage
6:279-287.

Haber SN, Fudge JL, McFarland NR. Striatonigrostriatal pathways in primates form an ascending
spiral from the shell to the dorsolateral striatum. J Neurosci 2000 Mar 15;20(6):2369-82

Haga HA, Dolvik NI (2002) Evaluation of the bispectral index as an indicator of degree of central
nervous system depression in isoflurane-anesthetized horses. Am J Vet Res 63:438-442.

Holsboer F, Engelmann M. Neuroendocrine and behavioral effects of repetitive transcranial
magnetic stimulation in a psychopathological animal mode! are suggestive of antidepressant-like
effects.

Neuropsychopharmacology. 2001 Apr;24(4):337-49.

Keck ME, Welt T, Muller MB, Erhardt A, Ohl F, Toschi N, Holsboer F, Sillaber I. Repetitive
transcranial magnetic stimulation increases the release of dopamine in the mesolimbic and
mesostriatal system. Neuropharmacology 2002 Jui;43(1):101-9

Keck ME, Welt T, Muller MB, Erhardt A, Ohl F, Toschi N, Holsboer F, Sillaber I. Repetitive
transcranial magnetic stimulation increases the release of dopamine in the mesolimbic and
mesostriatal system. Neuropharmacology 2002 Jul;43(1):101-9

Kimbreli TA, Dunn RT, George MS, Danielson AL, Wilis MW, Repella JD, et al. Left
prefrontal-repetitive transcranial magnetic stimulation (rTMS) and regional cerebral glucose
metabolism in normal volunteers. Psychiatry Res. 2002;115:101-13.

Kimbrell TA, Little JT, Dunn RT, Frye MA, Greenberg BD, Wassermann EM, et al. Frequency
dependence of antidepressant response to left prefrontal repetitive transcranial magnetic
stimulation (rTMS) as a function of baseline cerebral glucose metabolism. Biol Psychiatry.
1999;46:1603-1613.

Koepp MJ, Gunn RN, Lawrence AD, Cunningham V1, Dagher A, Jones T, Braoks D3, Bench CJ,
Grasby PM. Evidence for striatal dopamine release during a video game. : Nature 1998 May
21:393(6682):266-8

Lammertsma AA, Hume SP (1996) Simplified reference tissue model for PET receptor studies.

100



Neuroimage 4:153-158.

Logan ], Volkow ND, Fowler 1S, Wang GJ, Dewey SL, MacGregor R, Schlyer D, Gatley SJ, Pappas N,
King P, et al. Effects of blood flow on [11C]raclopride binding in the brain: model simulations
and kinetic analysis of PET data. J Cereb Blood Flow Metab 1994 Nov;14(6):995-1010

Mally ], Stone TW. Improvement in Parkinsonian symptoms after repetitive transcranial magnetic
stimulation. J Neurol Sci 1999; 162: 179-184. Links

Martin RF, Bowden DM (2000) Primate Brain Maps: Structure of the Macaque Brain: Elsevier
Science.

Mirenowicz J, Schultz W (1996), Preferential activation of midbrain dopamine neurons by
appetitive rather than aversive stimuli. Mature 379: 449-451.

Molina P. Conexiones Nigro-corticales, Doctoral thesis, University of Navarra, 1965.

Nahas Z, Lomarev M, Roberts DR, Shastri A, Lorberbaum JP, Teneback C, et al.. Unilateral left
prefrontal transcranial magnetic stimulation (TMS) produces intensity-dependent bilateral effects
as measured by interleaved BOLD fMRI. Biot Psychiatry. 2001b;50:712-720.

Nahas Z, Teneback CC, Kozel A, Speer AM, DeBrux C, Molioy M, et al.. Brain effects of TMS
delivered over prefrontal cortex in depressed adults: role of stimulation frequency and
coil-cortex distance. J Neuropsychiatry Clin Neurosci. 2001a; 13:459-470.

Nestler EJ, Barrot M, DiLeone RJ, Eisch AJ, Gold SJ, Monteggia LM.. Neurobiclogy of depression.
Neuron 2002 Mar 28;34(1):13-25

Qades RD, Halliday GM. Ventral tegmental (A10) system: neurobiology. 1. Anatomy and
connectivity. Brain Res 1987 May;434(2):117-65

Okabe S, Ugawa Y, Kanazawa I, The group to study effectiveness of ¥TMS on Parkinson
disease 0.2Hz repetitive transcranial magnetic stimulation(TMS) has no add-on effects as
compared with a realistic sham stimulation on Parkinson disease(PD). Movement disorder
2002b,1n press.

Pappata S, Dehaene S, Poline JB, Gregoire MC, Jobert A, Delforge J, Frouin V, Bottlaender M, Dolle

F, Di Giamberardino L, Syrota A. In vivo detection of striatal dopamine release during reward: a

101



PET study with [(11)Clraclopride and a single dynamic scan approach. Neuroimage 2002
Aug;16(4):1015-27

Pascual-Leone A, Rubio B, Pallardo F, Catala MD. Rapid-rate transcranial magnetic stimulation of

left dorsolateral prefrontal cortex in drug-resistant depression. Lancet 1996, 348: 233-237.
Repetitive transcranial magnetic stimulation induces active coping strategies and attenuates
the neuroendocrine stress response in rats.

] Psychiatr Res. 2000 Jul-Oct; 34(4-5):265-76.

Paus T, Castro-Alamancos MA, Petrides M.  Cortico-cortical connectivity of the human
mid-dorsolateral frontal cortex and its modulation by repetitive transcranial magnetic stimulation.
Eur J Neurosci 2001 Oct; 14(8):1405-11

Robbins TW, Everitt BJ (1996), Neurobehavioural mechanisms of reward and motivation. Curr Opin
Neurobiol 6. 228-236.

Schmidt K, Kott M, Muller T, Schubert H, Schwab M (2000) Developmental changes in the
complexity of the electrocortical activity in foetal sheep. J Physiol Paris 94:435-443.

Schultz W, Dayan P, Montague PR. A neural substrate of prediction and reward. Science 1997
Mar 14;275(5306):1593-9

Siebner HR, Mentschel C, Auer C, Conard B. Repetitive transcranial magnetic stimulation has a
beneficial effect on bradykinesia in Parkinson's disease. Neuroreport 1999; 10:589-594. Links

Sommer M, Kamm T, Tergau F, Ulm G, Paulus W. Repetitive paired-pulse transcranial magnetic
stimulation affects corticospinal excitability and finger tapping in Parkinson's disease. Clin
Neurophysiol 2002; 113: 944-950. Links

Strafella AP, Paus T, Barrett J, Dagher A. Repetitive transcranial magnetic stimulation of the
human prefrontal cortex induces dopamine release in the caudate nucleus. J Neurosci.
2001,;21:RC157.

Tergau F, Wassermann EM, Paulus W, Ziemann U. Lack of clinical improvement in patients with
Parkinson's disease after low and high frequency repetitive transcranial magnetic stimulation.

In: Paulus W , Hallett M, Rossini PM , Rothwell JC , editors. Transcranial magnetic stimulation

102



(EEG Suppl. 51). Amsterdam: Eisevier; 1995. p 281-288.

Villa AE, Tetko IV, Dutoit P, Vantini G (2000) Non-linear cortico-corticat interactions modulated by
cholinergic afferences from the rat basal forebrain. Biosystems 58:219-228.

Wassermann EM, Lisanby SH. Therapeutic application of repetitive transcranial magnetic
stimulation: a review. Clin Neurophysiol 2001; 112: 1367-1377. Links

Wise RA, Hoffman DC (1992), Localization of drug reward mechanisms by intracranial injections.

Synapse 10: 247-263.

103



Legend for figures
Fig.1 Examples of volume of interest (VOI) overlaid on the average MRI of all subjects in
stereotaxic space. Left: The VOI of the right caudate necleus. Middie: The VOI of the right

putamen, Right: The VOI of the right ventral striatum.

Fig.2 A SPM of the change in [11C] raclopride binding potential (BP) overlaid on the the
average MRI. A siginificantly decreased [11C] raclopride BP is noted in the bilateral

ventral striatum including the nucleus accumbens (NA¢) compared with rTMS of the sham

condition.
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Fig.3 A SPM of the change in [11C] raclopride binding potential (BP) overlaid on the the
average MRI. A siginificantly increased [11C] raclopride BP is noted in the posterior
lateral part of the right putamen compared with rTMS of the sham condition.
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Table 1 Physiological data during sham stimulation and rTMS

Blood presser Pulse Pa(R2- PaCo2 Bispectral

gystolic diastolic mndex
Sham 156.5(19.1) 9é0.3(14.3) 1339060 127.2(14.9 B00.6 86837
¥TMS 140.5(18.9 92.5(19.4) 1393059 127.3Q9.0) 38307 87837

Table 2 C-11 raclopride binding potential in the striatum after *TMS and sham stimutation

BP after sham BP after ¥TMS i o p value
mean (S.D) mean (S.D)  mean (S.DJ (% Tor Wilcoxon test

Ventral striatum

R 2.605 (0.074) 2413 (0.13) -8,12(4.91) 0.0117

L 2.635(0,154) 2.436 (0.07) -8.2(5.77) 0.0117
Putamen

R 1,993 (0.191) 222 (0232) 10.51(2.98) 00117

L 1.730{0.198) 1690 (0.113) -207(758) 06744
Caudate necleus

R 2,542 (0.056) 2648 (0.115) 3.82 (6.8876) 00029

L 2712(0.118) 2636 (0.135) ~3.15 (7615) 0.1614
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Summary: Recently, repetitive TMS (rTMS) has been used as a potential treatment for
neuropsychiatric disorders. The most successful example of therapeutic ¥TMS is an
application to treatment of depression. Several studies have shown antidepressant
effects of rapid r¥rTMS over the left dorsolateral prefrontal cortex (DLPFC), whereas
some studies suggested the effectiveness of slow rTMS over the right DLPFC. Despite
the growing interest in therapeutic application of ¥TMS, it has several methodological
issues to be resolved. Further, the precise mechanisms of action of ¥TMS over the
DLPFC for an antidepressant are still unknown. To clarify these mechanisms of slow
rTMS over the right prefrontal cortex, we measured regional cerebral blood flow
(rCBF) during sham, during rTMS and after stimulation using repeated '*O-labeled
Hs0O PET scanning in seven healthy subjects. We found that the slow rTMS over the
right DLPFC could produce significant rCBF increase in the ipsilateral anterior
cingulate cortex (ACC) including rostral ACC and neighboring medial prefrontal cortex
during stimulation as compared with sham stimulation. On the other hand, rCBF
decrease was noted in the contralateral cuneus. The lasting activation was noted in
the ipsilateral medial prefrontal cortex, contralateral ventrolateral PFC, and the
contralateral ventral striatum including the nucleus accumbens. These data indicate
that slow rTMS is able to preduce rCBF changes in the distant brain areas including
paralimbic system and frontal cortex. We conclude that such rCBF changes should
explain antidepressant effects of ¥TMS. Particularly, the lasting effect on the ventral
striatum should reflect modulatory effects of rTMS over the DLPFC on meso-limbic
dopaminergic system, which must play critical role in antidepressant eftects.

Key words: PET, rTMS, depression, dopamine
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Introduction

Transcranial magnetic stimulation (TMS) has been used as a research tool for brain mapping.
During TMS, an electrical current passes through a wire coil placed over the scalp. This current
induces an electrical field in the brain that produces a depolarization of nerve cells resulting in the
stimulation or disruption of brain activity. Recently, repetitive TMS (rTMS) has also been
investigated as a potential treatment for neuropsychiatric disorders such as depression (Pascal
Leone et al., 1996, George et al., 1997, Klein et al., 1999, Berman et al., 2000), schizophrenia
(George et al. 1999), and Parkinson disease (Dragasevic et al., 2002). The most successful example
of experimental therapeutic rTMS is its use for depression. Following observation that rTMS might
affect mood in normal subjects (Bickford et al., 1987), investigators have applied rTMS in patients
with depression. Several studies have indicated that rapid rTMS (10-20Hz) applied to the left
dorselateral prefrontal cortex {DLPFC) may improve depression (George et al., 1995, Pascal Leone
et al., 1996, George et al., 1997, Berman et al., 2000). Conversely, slow rTMS (1Hz) delivered to
the right DLPFC may also improve depression (Klein et al., 1999). Despite the growing interest in
therapeutic application of r'TMS, several methodological issues remain to be solved; what kind of
sham stimulation 1s appropriate, or what stimulation parameters should be used such as sites of
stimulation, intensity, rate, train length and number of trains so on (George et al., 1999, Okabe et al.
2002b).

Precise mechanisms of action of rTMS over the DLPFC as an antidepressant are still
unknown. To data, most of the basic information about neurobiological effects of TMS in humans
comes from electrophysiological studies over the motor and visual cortex (Amassian et al., 1993,
Ziemann and Hallett, 2000). Unlike motor and visual cortices, the DLPFC has no good
electrophysiological markers to evaluate its function and has a different cytoarchitecture from those
of primary sensorimotor areas. Therefore, neuroimaging studies have been used to clarify
neurophysiologic effects of rTMS administration over the DLPFC i terms of hemodynamic and

metabolic changes (George et al., 1995, Kimbrel et al., 1999, George et al., 1999a, 199b, Nahas et
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al., 2001a, 2001b, Kimbrel et al., 2002).  Although, most of studies demonstrated that rTMS over
the DLPFC produced changes of cerebral activity in the local and distant areas, results have some
inconsistency. As well as clinical therapeutic trial, neuroimaging studies have methodological
issues involving not only parameters of stimulation, but also imaging modalities. Furthermore, most
of them study effects of high frequency stimulation over the left DLPFC. As far as we know, no
neuroimaging studies have been done on the effects of slow rTMS over the right DLPFC that has
also antidepressant effects. To clarify neurophysiologic effects of slow rTMS over the right DLPFC,
we measured regional cerebral blood flow (rCBF) during sham, rTMS over the right DLPFC (1Hz,
100% motor threshold) and after stimulation using repeated P0-labeled H,Q PET scanning in

normal subjects.
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METHODS
1. Experimental design

In seven healthy volunteers, a figure-eight TMS coil was positioned over the right DLPFC,
and rCBF was measured in nine 90 sec ""O-labeled H-O scans acquired with the CTI/Siemens
EXCT tomograph with an interval of 10 min between each scan. During all scans the subjects
relaxed and kept their eyes closed. Fig. 1 demonstrates the schema of our protocol. The subjects
were scanned under the following three conditions: 1) sham stimulation with no rTMS (before
rTMR); 2) real stimulation over the right DLPFC (100 trains with 1Hz at 100% motor threshold);
and 3) sham stimulation with no rTMS (after rTMS). In each subject, scanning was repeated three
times in each of three conditions. The order of scans was not randomized, because rTMS have
lasting effects. Between each scan during real stimulation, subjects were received rTMS. During
PET sessions, a train of 100 stimuli was given over the right DLPFC eight times in each subject.

2. Subjects

Seven male subjects volunteered to participate in the study after giving written informed
consent (mean age =38 years-old, sd= 6.5). All subjects were right-handed. Following the safety
guidelines for the use of a rapid rate TMS in normal volunteers (Pascual-Leone et al., 1993
Wassermann 1998), we screened the subjects for a history of neurological disorders, in particular
a personal and family history of epilepsy. The study was approved by the Research and Ethics
Committee of the National Center Hospital of Mental, Nervous and Muscular Disorders, National
Center of Neurology and Psychiatry.

2. TMS procedure

TMS was performed with a magnetic stimulator AAA-15486 (Nihon Kohden Co, Tokyo,
Japan) equipped with a figure 8-coil over the right DLPFC. Subjects received 8 trains of 100 stimuli
at 1Hz (100% motor threshold [MT]). The MT was determined by placing the coil over the right
primary motor cortex and measuring the minimum intensity of stimulation required to elicit a

visible movement at rest in the left first dorsal interosseous (FDI) muscle. The right DLPFC
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stimulation site was defined as the location 5 cm rostal to the hand motor area, namely the site of
stimulation for FDI. Once the coil location was determined, the coil was fixed there with a plastic
arm throughout the experiment to avoid any movement of the coil during scans (fig.2).
3. PET acquisition

PET scans were obtained with a CTI/Siemens EXCT, 47-slice tomograph operated in a 3-D
acquisition mode. The distribution of CBF was measured during a 90-s scan by means of the
150-labeled H,O bolus method (Raichel et al., 1983). In each scan, 7mCi of "O-labeled H,O were
injected into the right antecubital vein. The CBF images were reconstructed with a 14-mm Hanning
filter. Once the subject and the coil assembly were positioned in the scanner, a 6-min transmission
scan was performed. The transmission data were used to correct for attenuation of gamma rays due
to all objects in the scanner, including the coil and the coil mount. During rTMS condition, we
began 1TMS (1Hz, 100 trains) 10 sec before the start of an intravenous injection of 0-labeled H,0.
To exclude other components of TTMS than currents in the brain, m sham stimulation, we gave
sampled rTMS sound from a speaker behind the subject's head. We began to give rTMS sound at a
rate of 1Hz just the same as a real stimulation 10 sec prior to the start of intravenous injection. We
performed unshielded concurrent TMS/PET in the real stimulation condition, and it did not have a
serjous influence on the image quality in our scanner, This fact is consistent with a recent report by
Narayana et al.(2002) that unshielded concurrent TMS/PET did not adversely affect the image
quality in their PET scanner (Narayana et al., 2002).
4. Image analysis

Data were analyzed with Statistical Parametric Mapping software (SPM99,

http//-www.fil.ion.ucl.ac.uk/spm). Scans were realigned and spatially normalized to the standard
stereotactic space of Talairach using PET template (Talairach J and Tournoux P., 1988). The
parameter for affine and quadratic transformation to the PET template that was already fit for
Talairach space was estimated by least-squares means. Data were then smoothed in a spatial domain

(full width at half-maxim = 10 x 10 x 10 mm) to improve the signal to noise ratio. After specifying
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the appropriate design matrix, the condition and subject effects were estimated according to the
general linear model. Global normalization was performed using subject's specific analysis of
covariance. To test hypotheses about regionally specific condition effects, the estimates were
compared by means of linear contrasts of each sham, stimulation and lasting condition. The
resulting set of voxel values for each contrast constituted a statistical parametric map of the t
statistic SPM {t}(p = 0.001 with correction for multiple comparison). Some of previous studies
demonstrated rCBF or glucose metabolic changes under the coil. To avoid a type II error,
theretore, we also applied lesser rigorous statistical threshold (SPM {F}, p = 0.001, no corrections
for multiple comparisons) in the analysis of rCBF changes at the right DLPFC.

5. Estimation of the coil location

The coil location in each subject was confirmed retrospectively by using transmission and
emission 1mages and MR image. Firstly, emission scan images were co registered to T1 weighted
volume MR images using the tunction of coregistration in SPM99, and then transmission images
were co-registered to MR images using the same parameters for coregistration emission images to
MR images. Secondary, using MRIcro (http//www.mricro.com) co-registered transmission images
having information of the coil location were superimposed on MR images (Fig.3). Finally, MR
images were spatially normalized to the standard stereotactic space of Talairach using a TI MR
mage template of SPM99 and stimulated areas were evaluated based on the Talairach coordinate
system (Talairach J and Tournoux P., 1988). This procedure allows us to estimate precise locations

of the coil during PET scanning on the standardized anatomical space.

Results

1. Coil position, Safety and Tolerability

None of the subjects reported any adverse effects. The mood changes were not found in
any subjects. The coil was positioned over either of the right DLPFC, BA9 or BA46 in all the
subjects (Table 1). The mean location of stimulated site was BA9 (Talairach coordination: x:y:z =

33.4,34.1,33.1).
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2. rCBF changes associated with rTMS over the right DLPFC

During TMS compared to the sham before stimulation, there was a cluster of significantly
increased rCBF in the right anterior cingulate cortex (ACC: BA32) extending the rostral ACC
(BA24a) and medial prefrontal gyrus (BA10) (Table 2, Fig.4a and 4b). On the other hand,
significantly decreased rCBF was noted in the left cuneus (fig.5). Of particular note, even with
lesser rigorous statistical threshold (SPM {F}, p = 0.001 without correction for multiple
comparison), there was no significant tCBF change from sham at the site of stimulation
immediately underneath the coil.

We evaluated after effects of rTMS by comparing the conditions before and after
stimulation. Increased rCBF after stimulation was found in the left ventral striatum (ventral part of
the putamen and nucleus accumbens [NAc)), ventral prefrontal areas (BA45, 47) and right medial
prefrontal cortex (BA10) (Fig.6a, 6b, 6¢). The lasting rCBF decrease was observed in the left
cuneus with lesser rigorous statistical threshold (p = 0.001, without correction for muitiple

comparison), however, no survived clusters were found after correction for multiple comparison.
Discussion

The combining rTMS and repeated 150-labeled H,O PET have been applied to investigate
functional connectivity between the areas under the coil and distant areas (Paus et al., 1997, Fox et
al.1997). To date, this technique revealed functional connectivity of the motor or eye movement
systems in humans (Paus et al., 1997, Fox et al.1997). This is the first prefrontal study using
repeated °O-labeled H,O PET, which allow us to evaluate not only rCBF changes during rTMS but
also after effects. Furthermore, unlike previous prefrontal studies using FDG-PET or perfusion
SPECT, our method provide a large number of observations that enables us to apply more rigorous
statistical thresholds than the previous studies.

In the present study, we found that slow rTMS over the right DLPFC activated the
ipsilateral ACC, whereas it produced rCBF dectease in the contralateral cuneus (BA18). The after

effects were noted as activations in the ipsilateral medial prefrontal cortex (BA9Y), contralateral
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ventrolateral prefrontal cortex (BA45, 47), and the ventral striatum including the nucleus
accumbens (NAc). Generally, previous neuroimaging studies combined with rapid rTMS have
suggested that prefrontal rTMS has local cortical effects immediately below the site of stimulation
and secondary limbic changes as a distant effect (George et al., 1995, Kimbrel et al., 1999, George
et al., 1999a, 199b., Teneback et al., 1999, Nahas et al., 2001a, 2001b, Kimbrel et al., 2002).
Although our study failed to demonstrate local cortical effects, it demonstrated slow rTMS over the
DLPFC could produce rCBF changes in the distant paralimbic system and other areas involving in
emotional process, such as ACC and NAc.

We first will discuss rCBF changes in distant areas induced by stimulation, and then discuss lack of
local changes in this study.

In our study, activation during rTMS was observed in the ACC (BA24a: rostral cingulate
cortex, BA32: paralimbic cingulate cortex) and adjutant medial prefrontal area, BA10. The intrinsic
connections of the ACC with other frontal cortical areas are not limited to immediate neighbors, but
also reach more distant areas, particularly, DLPFC (Barbas and Pandya, 1989). The ACC activation
in this study can be explained by such a direct cortico-cortical connectivity between the ACC and
DLPFC. The ACC has been shown to be blunted in depressed subjects undergoing a
neuropsychological challenge. Using perfusion SPECT, Teneback et al. (1999) demonstrated that in
limbic and paralimbic regions including the ACC (BA32), both rTMS and placebo effects evoked
rCBF changes as a function of mood improvement. The fact suggests a possibility that the observed
ACC activity change reflects an emotional change from depression. In our study, however, no
subjects showed any mood changes after rTMS and the location of the ACC activation was more
ventral area to that in their study (Teneback et al., 1999). Based on these, we conclude that
activation at ACC 1s not due to an emotional changes induced by rTMS in our subjects. The human
ACC has been considered to be involved in emotion, attention, and motor control (Paus, 2001). The
rostral cingulate {BA24a) and other prosiocortical areas (BA24b, BA25) are known to receive

projections from the amygdala and from the ventral striatum, therefore, their activity can be
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influenced by emotional and motivational states (Paus, 2001). On the basis of results of
pharmacological antideépressant therapy and neuroimaging studies in depressed subjects, Mayberg
et al. hypothesized that the BA24a may serve an important regulatory role in overall network by
facilitating the interaction between the ventral components consisting of limbic, paralimbic, and
subcortical regions known to mediate circadian and vegetative aspects of depression, and the dorsal
components (neocortical and superior limbic elements) hypothesized to mediate cognitive aspects
of depression. We consider, therefore, the rostral ACC activation should have some relation with
the therapeutic mechanisms of TTMS over DLPFC for depression that may be similar to those of
antidepressant drug therapy.

Importantly, we found lasting activation in the contralateral ventral striatum including the
nucleus accumbens (NAc). The ventral striatum is a part of limbic loop of basal ganglia, and the
NAc has connections with prefrontal cortex and limbic system, such as amygdale, hippocampus,
and orbito-frontal cortex, further, the rostral ACC (BA24a) receives projections from the ventral
striatum. The ventral striatum has been implicated as a critical neuroanatomical substrate for the
anticipation of rewards in mammals (Ikemoto and Panksepp, 1999). Several electrophysiological
studies of monkeys indicate that dopaminergic projections from the ventral tegmental area of the
midbrain to the NAc fire selectively in response to presentation of reward cues (Schultz et al., 1992).
In human, the NAc is also considered to be associated with anticipation and motivation. Using
fMRI, Knutson et al. reported the NAc codes for expected positive incentive value and its activity
was correlated with self-reported happiness. They interpreted that increased NAc activation may be
associated with dopamine release, because NAc dopamine release can produce hemodynamic
changes in rats' brain (Marota et al., 2000). In addition, PET studies have demonstrated positive
correlations between stimulant-induced dopamine release in the ventral striatum and ratings of
euphoria in humans (Volkow et al., 1999; Drevets et al., 2001). We consider that the lasting effects
in the ventral striatum should play an important role in antidepressant effects of rTMS over the

DLPFC through mesolimbic dopaminergic system. Recently, Strafellea et al. reported that a
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reduction in ''C raclopride binding to dopamine receptors in the left dorsal caudate nucleus was
observed in 8 volunteers after lett DLPFC rTMS (Strafellea, et al. 2001). An animal study using
intracerebral microdialysis also demonstrated that dorsal hippocampus, the shell of the nucleus
accumbens and the dorsal striatum the extracellular concentration of dopamine was significantly
elevated in response to rTMS (Keck M, 2002). These data imply that rTMS of frontal cortex has a
modulatory effect on both the mesolimbic and the mesostriatal dopaminergic systems. This increase
in dopaminergic neurotransmission may contribute to the therapeutic effects of rTMS in depresston.
The present lasting activation of NAc is consistent with the idea that the increment of dopaminergic
neurotransmission should cause improvement of depression.

Amongst previous studies, the most consistent finding is local cortical effects immediately
below the site of stimulation. The idea of DLPFC rTMS based upon the evidence ot a link between
the response to electroconvulsive therapy and changes in prefrontal function as well as
neuroimaging studies reporting abnormalities in the PFC in patients with depression (George et al,
1994, Nobler and Sackheim, 1998, Drevets, 2000). In this context, the lack of changes in the
DLPFC in this study seems to be somewhat unreasonable. Several factors must explain why we
could not elicit any significant changes in the DLPFC under the coil. The most important factor is
parameters of stimulation, particularly intensity of rTMS. Recently, Nahas et al. reported intensity
dependent hemodynamic changes using 1Hz rTMS (80%, 100%, and 120% MTs) over the left
DLPFC combining BOLD MR imaging. According to their study, higher intensity stimulation
produced greater local and distant activation and only 120% RMT rTMS could produce significant
activation in the stimulated area. Further, they reported that greater effects were noted in distant
areas than the stimulated areas at all intensities. In spite of different modalities for the measurement
of hemodynamic changes, their results are compatible with our observation of the distant
activation without activation in the stimulated area. RCBF changes at distant areas without any
changes under the coil have also been seen in rTMS over the motor cortex (Okabe et al., 2002b in

press). It is not surprising that rCBF changes occurred in some distant areas with no changes at the
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right DLPFC in our study. Another point we should consider is how to determine the intensity in
DLPFC stimulation. In most of clinical trials using rTMS over the DLPFC, the intensity was
usually determined by comparing with the MT. However, the threshold for DLPFC may ditfer
from that for the motor cortex because of different distance from the skull or intrinsic
cytoarchitecture between them. The underestimation of the threshold for DLPFC may cause to give
a weak stimulation on DLPFC and show rCBF changes at only distant areas.

Another imperative factor we should consider is the mode of neuronal activation by rTMS.
TMS should induce neuroaxonal depolarization and produce action potentials. This process dose
not includes much synaptic activity. Therefore, rTMS may affect spiking outputs, but may not be
necessarily associated with blood flow increases. This happened in rTMS over M1 (Baudewig et
al., 2001). They showed that, in M1 under the coil, no rCBF changes were evoked by rTMS at an
intensity of 0.9 RMT that should have activated the motor cortex, This dissociation between rCBF
and neuronal activation must partly explain no CBF changes at the stimulated area.

Unexpectedly, we found rCBF decrease in the left cuneus during rTMS over the right

DLPFC. Because direct connection between DLPFC and cuneus is not present, we have no good
interpretation of it. One possible explanation is that rCBF change in the cuneus might be caused by
activation of the fronta] eye field (FEF: BAS) by spreaded currents because it is adjacent to the
stimulated area (DLPFC: BA9). Paus et al. reported functional connectivity between FEF and
cuneus using °O-labeled H2O PET and rTMS technique (Paus et al., 1997). Their results support
our conjecture,

There are some methodological limitations in this study. Firstly, the scan order was not
randomized because of postulated lasting effect of r'TMS. Secondly, during sham condition, we
gave only sound but did not give local sensation of the head due to activation of cutaneous and
muscle nerves (Okabe et al., in press). They may be one of confounding factors such as time ettect,
local sensation, discomfort and tiredness due to long time for PET procedure (although subjects did

not complain discomfort or tiredness). Qur results might be affected by non-specific brain activities
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